Trophoblast-Specific Expression and Function of the Integrin α7 Subunit in the Peri-implantation Mouse Embryo  by Klaffky, Erin et al.
Em
e
e
I
d
l
a
e
a
p
O
S
S
8
m
Developmental Biology 239, 161–175 (2001)
doi:10.1006/dbio.2001.0404, available online at http://www.idealibrary.com onTrophoblast-Specific Expression and Function of the
Integrin a7 Subunit in the Peri-implantation Mouse
mbryo
Erin Klaffky,* Ryan Williams,* Chung-Chen Yao,† ,1 Barry Ziober,† ,2
Randy Kramer,† and Ann Sutherland* ,3
*Department of Cell Biology, University of Virginia Health System, Charlottesville, Virginia
22908-0732; and †Department of Stomatology, School of Dentistry, University of California
San Francisco, San Francisco, California 94143-0512
For implantation and placentation to occur, mouse embryo trophoblast cells must penetrate the uterine stroma to make
contact with maternal blood vessels. A major component of the uterine epithelial basement membrane and underlying
stromal matrix with which they interact is the extracellular matrix protein laminin. We have identified integrin a7b1 as a
ajor receptor for trophoblast–laminin interactions during implantation and yolk sac placenta formation. It is first
xpressed by trophectoderm cells of the late blastocyst and by all trophectoderm descendants in the early postimplantation
mbryo through E8.5, then disappears except in cells at the interface between the allantois and the ectoplacental plate.
ntegrin a7 expression is a general characteristic of the early differentiation stages of rodent trophoblast, given that two
ifferent cultured trophoblast cell lines also express this integrin. Trophoblast cells interact with at least three different
aminin isoforms (laminins 1, 2/4, and 10/11) in the blastocyst and in the uterus at the time of implantation. Outgrowth
ssays using function-blocking antibodies show that a7b1 is the major trophoblast receptor for laminin 1 and a functional
receptor for laminins 2/4 and 10/11. When trophoblast cells are cultured on substrates of these three laminins, they attach
and spread on all three, but show decreased proliferation on laminin 1. These results show that the a7b1 integrin is
xpressed by trophoblast cells and acts as receptor for several isoforms of laminin during implantation. These interactions
re not only important for trophoblast adhesion and spreading but may also play a role in regulating trophectoderm
roliferation and differentiation. © 2001 Academic Press
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Changes in adhesive cell behavior are necessary for the
successful implantation of the developing mammalian em-
bryo into the uterus. Implantation relies on a population of
trophoblast cells that undergo a dramatic conversion 4 days
into gestation from a quiescent epithelial cell type to a
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2 Present address: University of Pennsylvania, Department of
torhinolaryngology, Head and Neck Surgery, 5 Ravdin, 3400
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3 To whom correspondence should be addressed at UVa Health
ystem–School of Medicine, Department of Cell Biology, P.O. Box
00732, Charlottesville, VA 22908-0732. Fax: (804) 982-3912. E-Pail: as9n@virginia.edu.
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All rights of reproduction in any form reserved.otile, phagocytic cell type. During implantation, the
rophoblast cells first displace the uterine epithelial cells
nd then the uterine decidual cells to form connections
ith maternal capillaries (reviewed in Carson et al., 2000;
ross, 2000). This process requires both novel cell behavior
nd novel cell–matrix interactions.
One of the major components of the stromal matrix into
hich the trophoblast will invade is laminin, the result of
ncreased laminin expression by the decidual cells sur-
ounding the embryo (Glasser et al., 1987; Senior et al.,
988; Wewer et al., 1986). Inactivation of the integrin b1
ene through homologous recombination completely inhib-
ts the ability of trophoblast cells to attach and spread on
aminin and also leads to failure of embryo invasion into
he uterus (Fassler and Meyer, 1995; Stephens et al., 1995).
revious results showed that at the time of implantation
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162 Klaffky et al.trophoblast cells express the laminin-binding integrin
a6b1, as well as mRNA for the a7 subunit, which pairs with
b1 to form another laminin-binding integrin (Kramer et al.,
1991; Song et al., 1992; von der Mark et al., 1991). The a6b1
ntegrin does not appear to play a major role in trophoblast
ttachment and spreading on laminin 1 in vitro because
unction-blocking antibodies to a6b1 do not inhibit tropho-
last spreading on laminin and trophoblast cells cease to
xpress a6b1 once they have differentiated and begun to
spread (Hierck et al., 1993; Sutherland et al., 1993). This
suggests that a7b1 is a major integrin laminin receptor for
rophoblast invasion, given that other laminin-binding b1
ntegrins (a1b1, a3b1) are not expressed by trophoblast cells
ntil later in development (Sutherland et al., 1993). Mice
hat lack the integrin a7 subunit are viable and fertile,
lthough there is substantial loss of null homozygotes
uring gestation (Mayer et al., 1997). These experiments
eave unanswered the question of a7b1 function in tropho-
last invasion and the characteristics of its expression
uring early embryogenesis.
Here we show that integrin a7 is specifically expressed by
the cells of the trophectoderm and by all the cells that
derive from the trophectoderm in the early postimplanta-
tion embryo and is then downregulated at the time of
chorioallantoic placenta formation. We provide evidence
that a7b1 is functionally important for initial trophoblast
nvasion into the uterine stroma; it is localized to the
eading edge of invading cells, and it mediates trophoblast
nteractions with laminin in vitro. As they invade, tropho-
last cells come into contact with several isoforms of
aminin, in particular laminins 1, 2/4, and 10/11. We find
hat integrin a7b1 is the major trophoblast receptor for
laminin 1 and a functional receptor for laminins 2/4 and
10/11. Although they can attach and spread on all three
isoforms, trophoblast cells respond differently to each. In
particular, we find that culture on laminin 1 substrates
substantially inhibits trophoblast cell proliferation. Thus
trophoblast–laminin interactions are important not only for
invasion but may also regulate proliferation and giant-cell
differentiation.
MATERIALS AND METHODS
Antibodies
Rat monoclonal antibodies (MAb) CA5, CY8, and CY1 against
integrin a7 were described previously (Yao et al., 1996b). Rat
monoclonal antibodies against laminin a1 (MAb1928), b1
(MAb1905), and g1 (MAb1914) were purchased from Chemicon
Temecula, CA); the goat polyclonal against laminin g2 (SC-7652)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA);
the rat monoclonal against laminin a2 (4H8–2) was purchased from
Alexis Biochemicals (San Diego, CA); the rat monoclonal against
integrin a6 (GoH3) was purchased from Endogen; and the hamster
monoclonal against integrin b1 (Ha2/5) was purchased from
harmingen (San Diego, CA). Both GoH3 and Ha2/5 were dialyzed
o remove azide before use. Other antibodies were the gifts of
enerous colleagues: rabbit polyclonal antibodies to laminin a4
Copyright © 2001 by Academic Press. All rightCO877) and a5 (8948) (gift of Dr. Jeffrey Miner; Miner et al., 1997),
the mouse monoclonal 2C1 against laminin g3 (gift of Dr. Marie-
rance Champliaud (Koch et al., 1999), and the mouse monoclonal
36 against integrin a7 (gift of Dr. Stephen Kaufman; Song et al.,
992). Secondary antibodies were purchased from Jackson Immu-
oResearch (West Grove, PA) and from Molecular Probes (Eugene,
R).
Embryo Harvest and Culture
Preimplantation embryos were obtained at either the 2-cell or
the 8-cell stage as previously described (Sutherland et al., 1993), by
flushing the oviducts of female mice that had been superovulated
and mated. The embryos were cultured in TE medium (Spindle,
1980) to the early blastocyst stage (120 h post-hCG), then trans-
ferred to serum-free Eagle’s medium supplemented with 23 amino
cids, bovine serum albumin (BSA, 4 mg/ml), and Mito1 ( 0.1%;
Collaborative Research, Bedford, MA; this medium is referred to as
Eagle Plus) (Spindle, 1980; Spindle and Pedersen, 1973; see also
Stephens et al., 1995) for culture to the late blastocyst stage (48 h
or 168 h post-hCG). Embryos between E4.5 and E10.5 of gestation
were obtained by natural mating. Uteri with implantation sites
were harvested on the appropriate day following the detection of a
vaginal plug, indicating that mating had occurred.
Cells and Culture Conditions
The Rcho-1 cell line was the gift of Dr. Michael Soares (Faria and
Soares, 1991) and was passed every other day as a mixed population
containing primarily stem cells in growth medium (either NCTC-
135 or RPMI-1640 medium containing 20% FBS, sodium pyruvate,
b-mercaptoethanol, glutamine, and antibiotics). By morphological
analysis, the proliferating population consisted of 8–15% differen-
tiated cells (Parast et al., 2001) and did not express detectable levels
of the differentiation marker placental lactogen I (PL-I) (Hamlin et
al., 1994) by Northern analysis.
The TS cell line was the gift of Dr. Janet Rossant. These cells
were routinely cultured according to published methods as a stem
cell population (Tanaka et al., 1998). We used a base culture
medium for these cells consisting of RPMI medium (Life Technolo-
gies, Gaithersburg, MD) supplemented with 20% fetal calf serum,
glutamine, sodium pyruvate, 23 b-mercaptoethanol, and
penicillin/streptomycin (TS) (Tanaka et al., 1998). For stem cell
culture, fresh TS was supplemented to 70% with TS that had been
preconditioned 3 days on confluent cultures of primary mouse
embryo fibroblasts (MEF), with FGF-4 (25 ng/ml) and with heparin
(1 mg/ml) (TS-F4H). Stem cells were harvested for assays 2 days
fter passage. The proliferating stem cell population contained 10%
ells with greater than 8 N DNA, as assessed by flow cytometry of
ropidium iodide-stained cells, and by Northern analysis expressed
he stem cell marker eomesodermin but not the differentiation
arker PL-I.
P19 embryonal carcinoma cells were the gift of Dr. Gary Owens
University of Virginia). They were routinely cultured in a-MEM
medium supplemented with 7.5% FBS and antibiotics, and used as
a source of positive-control RNA in reverse transcription–
polymerase chain reaction (RT-PCR) experiments as described
below.
Immunofluorescence
For preimplantation embryos (blastocysts), immunolocalizationwas performed on whole-mount preparations, and for TS and
s of reproduction in any form reserved.
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163Integrin Alpha 7 Expression in Mouse TrophoblastRcho-1 cells, on cells plated on glass coverslips. Samples were fixed
in 2–4% paraformaldehyde in PBS for 15 min at room temperature,
washed twice for 5 min each in PBS, permeabilized by a 2-min
treatment with 0.2% Triton X-100 in PBS, then washed once with
PBS and treated for 15 min with a 0.15 M solution of glycine in PBS.
Nonspecific binding was blocked by a 1-h treatment with 10%
FBS/5% BSA in PBS, and then the embryos or cells were incubated
with primary antibody for a minimum of 1 h at room temperature.
After washing three times in PBS/Ca-Mg, the embryos or cells were
incubated for 30 min with secondary antibody diluted in PBS/Ca-
Mg, washed again, mounted on a slide, and viewed on a Zeiss
microscope equipped with a Hamamatsu Orca digital camera.
Images were captured using Openlab 2.0 (Improvision, Coventry,
UK) and processed using Adobe Photoshop (Adobe Corp., San Jose,
CA).
Detection of integrin a7 on Rcho-1 cells was performed using
live cells plated on glass coverslips. The coverslips were washed
three times in wash buffer (PBS/Ca-Mg 1 4 mg/ml BSA), then
ncubated in primary antibody (H36, 1:1000 dilution in wash
uffer) at 37°C for 1 h. After three washes, they were incubated
ith secondary antibody at 4°C for 45 min, then washed three final
imes and fixed in 3% paraformaldehyde in PBS. The coverslips
ere washed in PBS then mounted on slides. They were examined
nd digital images captured as described above.
For immunolocalization in postimplantation embryos, implan-
ation sites were isolated at appropriate stages of development and
xed overnight in freshly prepared 4% paraformaldehyde, washed
wice in PBS, and then equilibrated for 24 h in a solution of 15%
old-water fish gelatin (Sigma Chemicals, St. Louis, MO) and 15%
ucrose (Fagotto and Gumbiner, 1994). The samples were then
rozen in liquid nitrogen and sectioned (4–10 mm) in a Microm
cryostat at 217°C. Sections were mounted on slides, postfixed for
15 min in 3.7% formaldehyde, and washed twice in PBS/Ca-Mg.
Nonspecific binding was blocked as described above, and the
sections were then incubated with primary antibody for 1 h and
washed in a large volume (;200 ml) of PBS–Tween 20. The sections
were then incubated with a solution of secondary antibody in
PBS–0.5% Tween 20, washed in PBT, and coverslips were mounted
with Gel/Mount (Biomeda). The slides were examined and digital
images were captured on a Zeiss laser scanning confocal micro-
scope or on an upright microscope as described above.
Blastocyst Outgrowth Assays
Outgrowth experiments were performed as described previously
(Sutherland et al., 1993). Substrates were prepared by diluting
urified laminin 1 (EHS laminin; Collaborative Research), laminin
/4 (merosin; Life Technologies), laminin 10/11 (human laminin;
ife Technologies), or purified mouse fibronectin (Life Technolo-
ies) to 10 mg/ml in PBS/Ca-Mg and placing 10-ml drops of this
solution onto 35-mm petri dishes (Falcon 1008). These drops were
covered with mineral oil (Sigma) and incubated 2 h at 37°C to coat
the substrate. The substrates were then washed three times with
PBS–BSA (4 mg/ml) and left to block in this solution for 1 h at 37°C.
The blocking solution was replaced with the experimental media
(see below) and equilibrated in the incubator for a minimum of 30
min.
Experimental media were prepared in serum-free Eagle Plus.
Purified antibodies were added to the appropriate concentration,
and the solution was filtered through a syringe-tip filter and added
to the substrates. Embryos were added to each drop and cultured for
48 h, then assayed visually for the presence of spread trophoblast a
Copyright © 2001 by Academic Press. All rightcells at the periphery of each embryo. Each treatment was done in
triplicate within each experiment, with 10–15 embryos per repli-
cate. Each experiment was repeated at least three times, and the
data were analyzed statistically using the Mann–Whitney rank-
sum test (Glantz, 1992).
Adhesion Assays
Nunc-immuno 96-well plates (No. 439454; Nalge Nunc Interna-
tional, Naperville, IL) were coated with laminin 1, laminin 2/4, or
laminin 10/11 at a concentration of 10 mg/ml for 2 h at room
temperature. Following three washes with PBS, the plates were
blocked with 1% BSA for 2 h at room temperature or overnight at
4°C. Rcho-1 cells were washed in PBS and removed from the dish
with 5 mM EDTA/1 mM EGTA in PBS. TS cells were preincubated
in HBSS (Life Technologies) at 37°C for 20 min then removed from
the dish with 5 mM EDTA/1 mM EGTA in PBS. All cells were
allowed to recover at 37°C for 30 min in suspension in complete
medium, then spun and resuspended at 106 cells/ml in Puck’s
saline (Sigma) with Ca/Mg/Mn and the specific antibodies being
tested. Cells were incubated with antibodies at 10 mg/ml at 37°C
or 20 min, and then 100 ml of cells were added to each coated well
and the plate was incubated at 37°C for 1 h. Three to five replicates
were performed for each treatment, and three independent experi-
ments were done for each substrate and treatment.
Following incubation unbound cells were removed by three
washes of PBS, and the remaining cells were fixed in 2% gluteral-
dehyde for 20 min. The fixed cells were stained with crystal violet
for 15 min at room temperature, washed twice with ddH2O, and
solubilized with 1% SDS for more than 1 h. Plates were read on a
plate reader (Molecular Devices, Palo Alto, CA) at 595 nm. The
results for each set of replicates were averaged and expressed as a
percentage of control for each experiment. The data were analyzed
for statistical significance using a one-tailed ANOVA and the
Student–Newman–Keuls test (Glantz, 1992).
Proliferation Assays
Greiner 96-well tissue culture plates (PGC) were coated with
laminin 1, laminin 2/4, or laminin 10/11 at a concentration of 10
mg/ml for 2 h at 37°C. Plates were washed three times with PBS,
blocked at 37°C for 2 h with 1% BSA, washed three times with PBS,
and then used for proliferation assays.
Rcho-1 cells [grown in RPMI-based growth medium with G418
(250 mg/ml) (TS 1 G418)] were washed with PBS, removed from the
plate with trypsin/EDTA, and resuspended to a density of 2.0 3 104
cells/ml in TS 1 G418. TS cells were pretreated in HBSS for 20 min
t 37°C, removed from the plate by trypsinization, and resuspended
o a density of 5.0 3 104 cells/ml in TS-F4H. Both Rcho-1 and TS
cell suspensions were then plated at 100 ml/well in their routine
culture media. Preliminary experiments showed that under control
conditions (plastic alone), these starting concentrations gave re-
sults that fell within the linear range of the assay over a period of
72–96 h of culture. The cells were grown for 3 days on the
substrates, and the media were changed every 24 h. Assays were
performed at 24, 48, and 72 h on triplicate samples of each cell type.
Cell proliferation was assayed using the CellTiter 96 kit (Pro-
mega Life Sciences, Madison, WI) according to the manufacturer’s
directions. Fresh TS 1 G418 for the Rcho-1 cells or TS alone for TS
cells was added to each well (100 ml/well) and equilibrated at 37°C
with 5% CO2 for 1 h. CellTiter 96 was added (20 ml/well) and
llowed to develop at 37°C for 1 h, and the plates were read at 490
s of reproduction in any form reserved.
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164 Klaffky et al.nm on a Molecular Devices plate reader. The results for each set of
replicates were averaged and expressed as a percentage of the
control (plastic alone). Three separate experiments were done for
TS cells and four for Rcho-1 cells. The statistical significance of the
results for each substrate, compared to the control, was tested
using a one-tailed ANOVA and the Student–Newman–Keuls test
(Glantz, 1992).
Northern Analysis and RT-PCR Assays
Total RNA was harvested from TS or Rcho-1 cells using Tri-
Reagent (Medical Research Center, Cincinnati, OH) according to
the manufacturer’s directions. For each sample, 10 mg of total RNA
was run on a 1.2% formaldehyde gel, transferred overnight onto
Biodyne nylon membrane (Life Techologies), and then UV-
crosslinked and prehybridized for a minimum of 2 h in QuikHyb
(Stratagene, San Diego, CA). Northern probes were labeled using
the DECAprime II kit (Ambion, Austin, TX) with [32P]dCTP (Am-
rsham, Arlington Heights, IL). Blots were probed overnight at
8°C in 10 ml of QuickHyb buffer and washed three times in 23
SC/0.5% SDS and three times at 65°C in 0.13 SSC/0.1% SDS and
xposed to X-ray film (Kodak, Rochester, NY). The probe for a7 was
00 bp of the 39 end of the cDNA, encoding the transmembrane
omain, the cytoplasmic domain, and 39 untranslated regions. The
b-actin probe (the generous gift of Dr. Heidi Scrable, Department of
Neurosciences, University of Virginia) was 1109 bp from the 59 end
of the mouse cDNA (Buckingham, 1985).
For RT-PCR, messenger RNA was isolated directly from preim-
plantation embryos using the MicroPoly(A)Pure kit (Ambion), and
the whole sample was used to generate cDNA with random
primers and Superscript II RT (Life Technologies). cDNA was
prepared from postimplantation embryos, adult tissues (heart and
skeletal muscle), and cells in culture using 1–5 mg of total RNA
(isolated as described above) and random primers at 42°C with
Superscript II reverse transcriptase (Gibco BRL, Gaithersburg, MD).
PCR assays were performed in 50 ml reactions of the PCR Master
kit (Boehringer Mannheim Biochemicals, Indianapolis, IN). The
following primers were used: X1, 59-gccagggtggagctctg-39; X2, 59-
gtgaccaacattgatagctc-39; MR2, 59-ctatccttgcgcagaatgac-39; A71, 59-
ctctacagctttgatcgtgcagc-39; A73, 59-aaaccactggactggtacagcac-39;
A7DF, 59-tgtggagatactgtgttccagc-39; A7DR, 59-caatagtgatcccagag-
gtgc-39; FNRB,59, 59-gtgacccattgcaaggagaagga-39; and B1D, 59-
tgactaagatgctgctgctgtgag-39. The combination of X1/MR2 was used
detect the X1 extracellular domain isoform of a7 integrin; X2/MR2
to detect the X2 extracellular domain isoform; A71/A73 to detect
the A, B, and C cytoplasmic tail isoforms of a7; A7DF/A7DR to
etect the a7D extracellular isoform; and FNRB59/B1D to detect
he A and D cytoplasmic tail isoforms of integrin b1.
RESULTS
Integrin a7 Is Expressed in the Trophectoderm of
he Late Blastocyst and Is Localized to the Leading
dge of Trophoblast Cells as They Begin to Invade
The a7 protein is first detectable in the late hatched
blastocyst (about 168 h post-hCG in in vitro-cultured em-
bryos) (Fig. 1A). The staining for a7 in the blastocyst is
estricted to the cells of the epithelial trophectoderm layer
TE) and is predominantly basal. No staining is seen either
n the inner cell mass (ICM) or in the primitive endoderm
Copyright © 2001 by Academic Press. All rightPE), which forms by 168 h post-hCG (Fig. 1A). This pattern
s in contrast to that for the a6 subunit, which is expressed
y cells in both the trophectoderm and the ICM, and is
xpressed throughout the preimplantation period (Fig. 1A)
see also Hierck et al., 1993; Sutherland et al., 1993). The
attern of a7 expression is identical in embryos that had
eveloped in utero to E4.5 (which are at a similar develop-
ental stage as the in vitro-cultured embryos at 168 h
ost-hCG) (Fig. 1B). As the trophoblast cells become motile
nd displace the uterine epithelium, a7 integrin is localized
o the leading edge of the invading cells, whereas in an
djacent section, very little a6 is localized to the leading
edge of the same cells (Fig. 1B).
Expression of a7 Is Specific to Trophectoderm
Derivatives in the Postimplantation Embryo
Up to E9.5
Embryos between E5.5 and E7.5 express a7 in the ex-
traembryonic ectoderm (XE; Figs. 2A, 2B, and 2D), the
ectoplacental cone (EPC; Figs. 2A, 2B, and 2D), and in the
trophoblast giant cells (TGC; Figs. 2A–2D) adjacent to
Reichert’s membrane (RM; Fig. 2C). Staining intensity is
highest on the giant cells in the yolk sac placenta (YSP; Figs.
2C and 2D), on cells at the periphery of the ectoplacental
cone, and in the extraembryonic ectoderm portion of the
chorion (Ch; Fig. 2D) at E7.5. There was detectable staining
on central cells of the ectoplacental cone, although it was
much less intense that that on the giant cells (Fig. 2D) and
decreased substantially in this region between E5.5 and
E7.5.
At E8.5, when the chorion and allantois have fused,
strong staining is detectable in the extraembryonic
ectoderm-derived cells along the chorionic basement mem-
brane of the ectoplacental plate, on the trophoblast giant
cells at the periphery of the chorioallantoic placenta, and in
the yolk sac placenta (Figs. 3A and 3B). However, there is a
marked decrease in a7 staining in the regions that will give
ise to the labyrinth and to the spongiotrophoblast (Fig. 3A).
y E9.5 there is no detectable a7 staining in the forming
labyrinth and staining in the giant cells has decreased (Fig.
3C and data not shown). By E17.5, the only detectable
staining is found in the cells on the extraembryonic ecto-
derm side of the basement membrane that is derived from
the chorion. The trophoblast cells of the labyrinth and the
spongiotrophoblast are completely negative for a7 at this
tage (Fig. 3D).
There is no detectable expression in the embryonic tis-
ues (derived from inner cell mass) at any of the postim-
lantation stages examined (EE, Ep, En in Fig. 2). Previous
tudies have shown that expression of a7 in the myotome
begins at E10 with the onset of muscle differentiation
(Velling et al., 1996), so our results support the idea that
this is the first embryonic expression of a7. There is also no
expression of a7 by uterine decidual cells surrounding the
conceptus (Figs. 2) or by the uterine epithelium or stroma
between implantation sites. Integrin a7 is strongly ex-
s of reproduction in any form reserved.
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165Integrin Alpha 7 Expression in Mouse Trophoblastpressed in the smooth muscle layer of the uterus and on
smooth muscle cells surrounding uterine arteries (not
shown).
Integrin a7 Expression Is a General Characteristic
f the Trophoblast Cell Phenotype
We examined a7 expression in two cultured trophoblast
cell lines, Rcho-1 and TS, to determine whether it is a
general characteristic of the trophoblast cell phenotype.
Northern analysis of total RNA shows that a7 integrin
mRNA is present in the undifferentiated stem cells of both
cell lines, and immunofluorescence analysis shows that the
protein is made and localized to the surface of the cells (Fig.
4A). This is consistent with the expression seen in vivo,
given that the stem cells are more differentiated than the
trophectoderm of the early blastocyst. The TS cells are
similar to the extraembryonic ectoderm and Rcho-1 cells
are similar to the peripheral ectoplacental cone of the early
postimplantation embryo (Faria and Soares, 1991; Parast et
al., 2001; Tanaka et al., 1998).
Alternative Splicing of Integrin a7 mRNA in
rophoblast Cells
Several isoforms of a7 are generated by alternative splic-
FIG. 1. Integrin a7 expression in blastocysts and E4.5 embryos. (A
atched blastocyst) post-hCG were fixed and stained for either i
secondary antibody alone (2°) as a negative control. Staining for each
is expressed at both stages and by all cells of the embryo, while the a
TE) and not by the inner cell mass (ICM) or primitive endoderm la
of an E4.5 implantation site. All cells of the embryo express a6 int
egion in each image is shown to the right at higher magnification.
Ep) to come in contact with the underlying basement membrane
nvading trophoblast cell. Here integrin a7 has become strongly loc
n the adjacent section is quite faint. Scale bars in A 5 25 mm; scang of a single transcript (Collo et al., 1993; Leung et al., t
Copyright © 2001 by Academic Press. All right1998; Song et al., 1993; Ziober et al., 1993). We examined
the expression of the various isoforms by RT-PCR in
trophoblast cells as well as in TS cells. Two regions of the
extracellular domain exhibit alternative splicing. The first
is between conserved repeat domains III and IV, where
alternative exon usage leads to either the X1 form or the X2
form (Ziober et al., 1993). The second is in the C-terminal
region of the extracellular domain, where alternative intron
splicing can generate a deleted form, termed a7D, of ap-
roximately 75 bp (Leung et al., 1998). Functional differ-
nces between the X1 and X2 isoforms have been observed
n transfected cells: a7(X2)b1 is constitutively in the active
igand-binding state, whereas a7(X1)b1 requires activation
for ligand binding in some cell lines (Ziober et al., 1997).
The a7D form lacks an ADP-ribosylation site present in the
ull-length protein (Leung et al., 1998). The cytoplasmic tail
as three isoforms, a7A, a7B, and a7C, generated by alter-
native splicing of the 39 end of the mRNA. Each form has a
particular ontogeny of expression during muscle differen-
tiation (Collo et al., 1993; Martin et al., 1996; Song et al.,
1993; Velling et al., 1996; Ziober et al., 1993).
In the blastocyst and in the extraembryonic tissues of the
arly postimplantation embryo (to E7.5), the first cytoplas-
ic tail isoform detected was a7B, similar to what is seen
n undifferentiated muscle precursors (Fig. 5). However,
stocysts cultured in vitro to 120 h (early blastocysts) or 168 h (late
rin a6 (using MAb GoH3), integrin a7 (MAb CA5), or with the
visualized by laser scanning confocal microscopy. The a6 subunit
unit is expressed only at 168 h and then only by the trophectoderm
E). (B) Staining for integrins a6 and a7 on adjacent frozen sections
, while a7 is expressed only by the trophectoderm (TE). The boxed
is area, the trophoblast cells are displacing the uterine epithelium
stromal matrix (Str). The arrows indicate the leading edge of the
d, whereas the staining for a6 at the leading edge of the same cell
rs in B 5 10 mm.) Bla
nteg
was
7 sub
yer (P
egrin
In th
and
alizehere was no change from the B form to the A form with
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166 Klaffky et al.trophoblast cell differentiation. At E8.5 and E10.5, the a7C
orm is detectable in addition to a7B in all placental tissues
(Fig. 5). Of the extracellular isoforms, the X2 isoform was
detectable from the blastocyst stage through E10.5. Neither
the X1 isoform nor the a7D isoform was ever detected in
reshly isolated tissues. Interestingly, the X1 and C iso-
orms were detected in cultured embryo outgrowths and in
PC explants, suggesting that in vitro culture conditions
ffect a7 mRNA splicing.
A different pattern of cytoplasmic isoform expression is
een in the trophoblast cell lines. Rcho-1 cells express only
a7B, whereas TS cells express both the B and the C forms
(Fig. 5). Both cell lines express the a7X1 isoform as well as
FIG. 2. Integrin a7 expression between E5.5 and E7.5. Staining fo
and E7.5 stained with MAb CA5. The a7 subunit is expressed in th
t all three stages, but not in the embryonic ectoderm (EE), the epib
orming ectoplacental cone (EPC), which decreases markedly on th
ectoderm portion of the chorion, where it is strongly localized to th
cells of the EPC and the giant cells in the yolk sac placenta (YSP) is
that line Reichert’s membrane (RM). Scale bars 5 20 mm.he X2, in contrast to trophoblast in vivo. Expression of the o
Copyright © 2001 by Academic Press. All righta7D isoform was not detectable in either cell line or in
trophoblast in vivo. In muscle cells, the a7 subunit is paired
ith the D isoform of the b1 subunit. By PCR, b1D is not
xpressed in trophoblast cells either in vivo or in culture
Fig. 5).
Changes in Laminin Isoform Expression
Accompany Implantation
The a7b1 integrin has been characterized as a laminin
receptor and is expressed in regions of trophoblast cell
interactions with laminin in basement membranes. How-
ever, a7 is also expressed pericellularly in the extraembry-
is shown in montages of frozen sections of embryos at E5.5, E6.5,
phoblast giant cells (TGC) and the extraembryonic ectoderm (XE)
(Ep), or endoderm (En). At E6.5, there is pericellular staining in the
ntral cells by E7.5. At E7.5 a7 is expressed by the extraembryonic
solateral regions of the cells. The staining for a7 on the peripheral
arily pericellular, with basal staining on the flattened trophoblastr a7
e tro
last
e ce
e ba
primnic ectoderm, EPC, and giant cells (Figs. 3A and 3B), which
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167Integrin Alpha 7 Expression in Mouse Trophoblastsuggests that these cells might be surrounded by a laminin-
rich matrix. To test this possibility and to more precisely
determine what the in vivo ligands for trophoblast a7b1
ight be, we examined the expression of laminin isoforms
n the peri-implantation embryo and surrounding decidua.
Laminin is a heterotrimer composed of unique a, b, and g
chains. Currently, five a chains, three b chains, and three g
chains have been identified that have been shown to as-
semble into at least 12 unique laminin isoforms (Table 1)
(Aberdam et al., 1994; Ehrig et al., 1990; Gerecke et al.,
1994; Hunter et al., 1989; Kallunki et al., 1992; Koch et al.,
1999; Martin and Timpl, 1987; Miner et al., 1995; Richards
et al., 1994; Ryan et al., 1994). Previous work has shown
hat a7b1 will bind to laminins 1, 2, and 4 but not to
aminin 5; binding to laminins 6 through 11 has not yet
een tested (Echtermeyer et al., 1996; Schober et al., 2000;
ao et al., 1996a). We stained sections of postimplantation
FIG. 3. Integrin a7 expression in chorioallantoic placenta and
yolk sac placenta. Frozen sections of E8.5 embryos (A, B) or E9.5 (C)
and E17.5 (D) chorioallantoic placenta were stained with MAb CA5
against integrin a7. (A, B) At E8.5 there continues to be strong
taining in the trophoblast giant cells (GC) at the periphery of the
orming ectoplacental plate (EPP) (A) and in the yolk sac placenta at
he periphery of the embryo (B). The trophoblast cells along the
asement membrane separating the ectoplacental plate from the
llantois (AL) express a7 basally, but those more internal appear to
ave lost a7 expression. (C) By E9.5, there is no detectable a7
taining either in the trophoblast of the forming labyrinth (Lab),
hich derives from the ectoplacental plate, or associated with the
etal blood vessels (BV), which are beginning to invade the laby-
inth. (D) At E17.5 there is no detectable a7 staining in the
chorioallantoic placenta, except in the trophoblast cells that line
the basement membrane separating the labyrinth from the allan-
tois (arrows). Bars 5 10 mm.mbryos with antibodies against the a1, a2, a4, a5, b1, g1,
Copyright © 2001 by Academic Press. All rightg2, and g3 chains to examine the expression of the known
isoforms.
In the blastocyst, expression of integrin a7b1 at the basal
urface of the trophectoderm co-localizes with the base-
ent membrane underlying these cells (Thorsteinsdottir,
992). We found that the composition of this basement
embrane differs between the mural and polar trophecto-
erm. Laminins a1, b1, and g1 (laminin 1) are localized in
he ICM and in the trophectoderm basement membrane in
ll regions, whereas laminin a5 (laminin 10/11) is localized
nly in the basement membrane underlying the polar
rophectoderm and in the matrix between the cells of the
CM (Fig. 6). The a2, a4, and g3 subunits are not expressed
n the blastocyst or the early implanting embryo (Fig. 7). We
id not have an antibody against b2 to distinguish between
aminins 1 and 3 or 10 and 11. Thus, in the blastocyst, the
otential ligands for integrin a7 are laminins 1/3 and 10/11.
During the early postimplantation period, the laminin
composition of the stromal matrix changes as the uterine
fibroblasts undergo the decidualization reaction. Laminins
containing a2, a5, b1, and g1 (laminins 2, 4, 10, and 11) are
localized in the uterine epithelial basement membrane and
throughout the stromal compartment in the regions be-
tween implanting embryos at E4.5 (Fig. 7). Laminins con-
taining a4 (laminins 8 and 9) are also localized throughout
the stroma (Fig. 7). In the regions immediately surrounding
the implanting embryo (primary decidual zone) expression
of laminin a5 increases considerably, whereas a2 and a4
xpression decreases (compare the staining for each subunit
FIG. 4. Expression of integrin a7 in trophoblast cell lines. (A)
essenger RNA for integrin a7 is present in TS and Rcho-1 stem
cells. (B) By immunofluorescence (CA5 antibody) the surface ex-
pression of a7 is strong and pericellular in both cells lines. Scale bar
in B 5 20 mm and applies to all images in B.
s of reproduction in any form reserved.
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168 Klaffky et al.in the implantation regions to that seen in the interimplan-
tation regions) (Fig. 7). The a1 and g3 subunits are not
etectable in any part of the uterus. The potential ligands
or integrin a7b1 in the uterus at the onset of invasion are
herefore laminins 2/4 and 10/11.
As implantation proceeds, a2-containing laminins (lami-
ins 2 and 4) become undetectable in the primary decidual
egion, while a5-containing laminins (laminins 10 and 11)
become highly expressed in this region (Fig. 8). Laminins
1/3 and 10/11 are the primary isoforms expressed in the
chorionic basement membrane and in Reichert’s membrane
near the ectoplacental cone (Fig. 8). Neither a1- nor a4-
TABLE 1
Laminin Isoforms
Laminin Name
Chain
composition
1 EHS laminin a1b1g1
2 merosin a2b1g1
3 S-laminin a1b2g1
4 S-merosin a2b2g1
5 Epiligrin/kalinin/nicein a3b3g2
6 K-laminin a3b1g1
7 KS-laminin a3b2g1
8 a4b1g1
9 a4b2g1
10 a5b1g1
11 a5b2g1
FIG. 5. Expression of integrin a7 isoforms in embryos and cell lin
mRNA (extracellular isoforms X1, X2, and A7D; cytoplasmic dom
in blastocysts (120, 144, and 168 h); in extraembryonic ectoderm (E
from E7.5 embryos; in the embryonic region (E), Reichert’s membr
vitro cultured explants of ectoplacental cone (EPC d4) and embryo o
(R) cells. Positive control samples were mouse heart (a7 X1, X2, an
embryonal carcinoma cells (a7 D primers). Negative controls werees. The expression of the known alternatively spliced forms of the a7
ain isoforms A, B, and C) as well as b1A and D isoforms was examined
XE), Reichert’s membrane (RM), and ectoplacental cone (EPC) dissected
ane (R), and placenta (P) dissected from E8.5 and E10.5 embryos; in in
utgrowths (OG d4); and in the proliferating stem cells of TS and Rcho-1
d b1A/D primers), skeletal muscle (a7 A/B/C primers), and mouse P1912 a2b1g3
i
Copyright © 2001 by Academic Press. All rightFIG. 6. Laminin isoform expression in the blastocyst. (A) Blasto-
cysts cultured in vitro to 144 h post-hCG (hatched blastocysts)
were fixed and stained for either laminin a1 or laminin a5. The
staining for each was visualized by standard fluorescence micros-
copy. The a1 subunit is expressed by both the mural trophectoderm
mTE) and the inner cell mass (ICM) and polar trophectoderm
pTE). (B) Staining for laminin a1 and a5 on adjacent frozen sections
of an E4.5 implantation site. As in blastocysts cultured in vitro,
laminin a1 is expressed by mural and polar trophectoderm,
whereas a5 is expressed only by the polar trophectoderm. Scale bars
n A 5 25 mm; scale bars in B 5 10 mm.
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Copyright © 2001 by Academic Press. All rightcontaining laminins (laminins 1, 3, 8, and 9) are detectable
in the primary decidual zone, and none of the laminin
subunits examined is expressed either in the ectoplacental
cone or around the trophoblast giant cells peripheral to
Reichert’s membrane (Fig. 8).
We examined integrin a7 and laminin a5 expression in
the chorioallantoic placenta at E9.5 and E17.5 to determine
whether there is any co-localization at these stages. Inacti-
vation of the laminin a5 gene in mice leads to placental
efects, specifically in the ability of the trophoblast cells of
he labyrinth to attach to the basement membrane of the
etal vessels that invade from the allantois (Miner et al.,
998). Consistent with previous data (Miner et al., 1998),
e found that laminin a5 is highly expressed in the base-
ment membrane of fetal vessels in the labyrinth of the
chorioallantoic placenta, in the allantois, and in the base-
ment membrane separating the mesoderm and extraembry-
onic ectoderm portions of the chorionic plate (Fig. 9). The
only place where integrin a7 co-localizes with laminin a5 is
t the basement membrane of the chorionic plate, and there
s no detectable expression of integrin a7 in the labyrinth
Fig. 9) or the spongiotrophoblast (not shown).
Outgrowth Assays Using a Function-Perturbing
Antibody Confirm That a7b1 Mediates
Trophoblast Cell Interactions with Laminin
As described above, three major laminin isoforms are
potential ligands for a7 in the peri-implantation embryo:
laminins 1/3, 2/4, and 10/11. We examined the relative
importance of a6b1 and a7b1 integrins in trophoblast
ttachment and spreading on these three substrates. Em-
ryo outgrowth on laminin 10/11 was detected earlier and
rogressed faster than that on laminin 1 or laminin 2/4 (data
ot shown). By the endpoint of the assay, however, tropho-
last cells spread equally well on laminin 1 and laminin
0/11, and significantly less well on laminin 2/4 than on
aminin 10/11 (P , 0.01, Mann–Whitney rank-sum test)
Fig. 10). The relative importance of a6b1 and a7b1 in
ediating spreading varies between substrates; on laminin
, antibodies against a7 inhibit both attachment and
preading of trophoblast cells by about 50%, whereas anti-
odies against a6 are without effect (Fig. 10). However,
when these two antibodies are combined, they act syner-
gistically to decrease outgrowth to less than 10% of the
control. These results show that a7b1 is a major receptor
for laminin 1 in differentiating trophoblast cells, and that
a6b1 can partially compensate for loss of a7b1 function in
preading and outgrowth assays.
appears that a2 and a4 are decreasing while a5 is increasing as the
troma surrounding the embryo decidualizes. The a1, a5, b1, and
g1 subunits are all detectable in the blastocyst, while the a2, a4,FIG. 7. Laminin isoform expression at implantation sites and
interimplantation areas of the uterus at E4.5. Sections of pregnant
uteri at E4.5–E5.0 showing the regions containing the implantation
site with the embryo and surrounding decidualized stromal matrix.
The sections stained for laminin a1, a2, and a5 are adjacent
sections of the same embryo (and the same embryo as pictured in
Fig. 1B). The sections stained for laminins a4, b1, g1, g2, and 2°
alone are adjacent sections of a second, slightly older embryo.
These sections were stained with antibodies against various lami-
nin subunits (as marked for each image). The a2, a5, and b1
ubunits are expressed both in the stromal matrix and in the
terine epithelial basement membrane, whereas the a4 subunit is
expressed only in the stromal matrix. Regions between the implan-
tation sites (interimplantation areas) of the same frozen sections
shown for laminins a2, a4, a5, and b1 are shown to the right of their
respective implantation sites and marked with a U. In these regions
the stromal cells have not undergone the decidualization reaction.
By comparing the relative intensity of a2, a4, and a5 in theand g3 subunits are not. Scale bars 5 20 mm.
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Copyright © 2001 by Academic Press. All rightIn contrast to the results on laminin 1 substrates, out-
growth assays on laminin 2/4 or laminin 10/11 substrates
suggest the presence of other functional laminin receptors
in trophoblast cells. Inhibition of either a6b1 or a7b1
function significantly decreases outgrowth on laminin
10/11 (P , 0.05, Mann–Whitney rank-sum test) but neither
is able to decrease outgrowth below 70% of the control,
even in combination (Fig. 10). Neither antibody has any
effect on outgrowth on fibronectin.
Both Rcho-1 and TS cells can attach and spread on the
three different laminin substrates, although the morphol-
ogy of Rcho-1 cells was generally more rounded and less
spread on laminin 1. Antibodies to integrin b1 (Ha2/5)
significantly inhibited attachment of both Rcho-1 and TS
cells to laminins 1 and 2/4, but had only a minor effect on
attachment to laminin 10/11 (Fig. 11). On laminin 1,
antibodies against a7 strongly inhibited adhesion of TS
ells, whereas anti-a6 antibodies had a lesser effect. To-
ether they had a synergistic effect, inhibiting attachment
o laminin 1 as effectively as anti-b1 antibodies (Fig. 11). On
aminin 2/4 there was a synergistic effect of the two
ntibodies, although neither had any significant effect by
tself. On laminin 10/11, there was no inhibitory effect on
dhesion either of antibodies against a7 or a6 or of the
ombination. We did not have the appropriate reagents
anti-rat integrin antibodies) to test Rcho-1 interactions in
he same way. These results show that TS cells interact
ith each isoform using a distinct repertoire of receptors,
FIG. 9. Integrin a7 and laminin a5 do not co-localize in the
chorioallantoic placenta. Frozen sections of placenta at E9.5 and
E17.5 were double stained with MAb CA5 to integrin a7 and
olyclonal antibodies to laminin a5. Laminin a5 is localized to the
basement membrane of fetal blood vessels (BV) invading the
labyrinth at E9.5 and the elaborate network of fetal vessels in the
labyrinth at E17.5. Integrin a7 co-localizes with laminin a5 only at
the basement membrane separating the labyrinth from the allan-
tois (AL) (arrowheads). Bars 5 10 mm.FIG. 8. Laminin isoform expression in trophoblast giant cell
regions at E7.5. Frozen sections of E7.5 embryos were stained with
antibodies to various laminin or integrin subunits (as marked for
each image), and the region at the peripheral part of the ectopla-
cental cone (EPC) including Reichert’s membrane (RM) and the
uterine decidua (Dec) are shown. There was no detectable staining
in any of these tissues for laminin a2, a4, g2, or g3. There was also
o staining in the EPC for any of the laminin subunits examined.
oth laminin 1 (a1b1g1) and laminin10 (a5b1g1) are found in
Reichert’s membrane in this region. Laminin a5 is extremely
strongly expressed in the decidualized matrix. The staining for b1
and g1 was weaker in this region, suggesting that other a5-
ontaining laminin isoforms are present. Integrin a6 is expressed in
endothelial cells of the decidua but not in the EPC or peripheral
giant cells, whereas integrin a7 is expressed by the trophoblast butnd that their interactions with laminin 1 are through
s of reproduction in any form reserved.
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171Integrin Alpha 7 Expression in Mouse Trophoblastintegrins a7b1 and a6b1, similar to the trophectoderm of
he blastocyst. Integrins a7b1 and a6b1 are also functional
receptors for laminin 2/4, but nonintegrin receptors appear
to be involved. For laminin 10/11, nonintegrin receptors
appear to play the major role in adhesion, whereas b1
ntegrin receptors play a minor role at best. These results
re similar to what we see for blastocyst outgrowth on the
ifferent laminin isoforms, although there appears to be less
ffect of anti-a7 and -a6 antibodies on laminin 10/11. This
may be attributable to the nature of the two different
assays, in that the outgrowth assays measure spreading, but
not adhesion, whereas the adhesion assays performed on
cultured cells measured strictly adhesion and do not take
into account any effects on spreading.
Culture on Laminin 1 Causes Decreased
Proliferation in Cultured Cells
We examined whether there were any differences in the
proliferative responses of Rcho-1 or TS cells to the various
laminin isoforms using the CellTiter kit. In these experi-
ments all cells were cultured in normal growth medium
(with serum) on substrates of the different laminin isoforms
FIG. 10. Graph of effects of function-perturbing antibodies on
rophoblast outgrowth on laminin isoforms. Late blastocysts (168 h
ost-hCG) were placed on substrates of either laminin 1, 2/4, or
0/11 and cultured for 48 h either with no additives (Control) or in
he presence of function-blocking antibodies against integrin a6
GoH3), integrin a7 (CY1), or a combination of both (CY1 1 GoH3).
he graph shows the average 6 SEM percentage of embryos that
pread under each condition. Statistical significance was deter-
ined using the Mann–Whitney rank-sum test, and the experimen-
al values that are significantly different from the control are
ndicated with asterisks. *P $ 0.02; **P $ 0.01; ***P $ 0.001.or on tissue-culture plastic alone. We found that Rcho-1 and
Copyright © 2001 by Academic Press. All rightS cells cultured on laminin 2/4 proliferated at a similar
evel to that of control, while cells cultured on laminin 1
onsistently showed a significant and increasing lag in cell
ensity over a 72-h period (Fig. 12). In contrast, laminin
0/11 promoted proliferation of TS cells. These results
how that trophoblast cells interact in specific ways with
ifferent laminin isoforms and that their proliferative be-
avior is strongly affected by these interactions.
DISCUSSION
Our results demonstrate that trophoblast interactions
with laminin are tightly regulated during implantation and
suggest that they are involved not only in the process of
invasion but also in regulating trophoblast differentiation.
Trophoblast cells interact with three different laminin
isoforms during the peri-implantation period, using differ-
ent repertoires of receptors and responding in distinct ways
FIG. 11. Adhesion assays using trophoblast cell lines. TS or
Rcho-1 cells were plated onto substrates of laminin 1, 2/4, or 10/11
and allowed to adhere for 1 h in the presence of either Ca/Mg/Mn
ions alone (control) or with function-blocking antibodies to a6
(GoH3), a7 (CY8), b1 (Ha2/5), or a combination of GoH3 and CY8.
The results for triplicate samples for each experimental treatment
were averaged and normalized to the control. The graphs show the
means and standard deviations of three independent experiments.
Statistical significance was assessed using the Student–Newman–
Keuls test; * 5 significantly different from control at 0.05 level; **
5 significantly different from control at 0.01 level.
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172 Klaffky et al.to each. We demonstrated that the a7b1 integrin is the
major laminin 1 receptor for mouse trophoblast cells during
implantation and early postimplantation development and
has a unique expression pattern in trophectoderm deriva-
tives in the early postimplantation embryo. It is also
expressed in two different trophoblast cell lines, one mouse
and one rat, demonstrating that it is a characteristic marker
of the rodent trophoblast phenotype.
Role for a7b1 in Mediating Trophoblast
ttachment and Spreading on Reichert’s
embrane
Reichert’s membrane is the only place where a7 integrins
nteract with laminin 1, for which they are the major
FIG. 12. Effect of different laminin isoforms on trophoblast cell
proliferation. TS and Rcho-1 cells were cultured for 72 h on
substrates of laminin 1, 2/4, or 10/11, and triplicate samples were
assayed for proliferation at 24-h intervals using the CellTiter 96 kit.
Graphs A and C show the raw data from one representative
experiment for each cell line. The data are shown with the
background subtracted, and represent the A490 that was specifi-
cally attributed to the cells at each time. Graphs B and D show the
means and standard deviations of averaged results from three (TS)
or four (Rcho-1) independent experiments, as normalized to the
control value (percentage of control). Statistical significance was
assessed using the Student–Newman–Keuls test; ** 5 significantly
different from control at 0.01 level.eceptor for trophoblast spreading in vitro. The trophoblast w
Copyright © 2001 by Academic Press. All rightcells that cover the outer surface of Reichert’s membrane
form an extremely flattened, fenestrated layer that facili-
tates diffusion of nutrients from the maternal blood to the
embryo (Bevilacqua and Abrahamsohn, 1988; Welsh and
Enders, 1987). It is very likely that a7b1 plays an important
ole in trophoblast cell interactions with, and spreading on,
eichert’s membrane in the early postimplantation em-
ryo. Homologous recombination experiments have shown
hat dystroglycan is required for organization of laminin in
eichert’s membrane (Henry and Campbell, 1998). How-
ver, the results of the integrin b1 gene knockout show that
dystroglycan cannot compensate for the lack of b1 integrins
to mediate trophoblast spreading on laminin 1 (Stephens et
al., 1995).
Additional Role for a7b1 in Interactions with
Uterine Extracellular Matrix
The strong localization of integrin a7 to the leading edge
of invading trophoblast cells suggests that a7b1 mediates
nteractions with the uterine epithelial basement mem-
rane during the initial stages of implantation. Here the
ells encounter both laminins 2/4 and 10/11, for which
a7b1 clearly plays a role in mediating spreading. As the
rophoblast cells continue to differentiate to giant cells and
orm the yolk sac placenta, strong expression of a7b1 is
maintained and can contribute to ongoing interactions with
decidual laminin. Surprisingly, despite the high affinity of
trophoblast cells for laminin 10/11 in vitro, there is only a
small area of overlap between the trophoblast and the
laminin 10/11-rich decidual matrix at the periphery of the
trophoblast giant cell population. This may be a result of
the ongoing phagocytic activity of the trophoblast at this
interface. Trophoblast cells continually make invasive con-
tacts with decidual matrix and then engulf the intervening
material, leading to little apparent overlap of the two
tissues (Bevilacqua and Abrahamsohn, 1988, 1989).
Alternatively, trophoblast interactions with decidual
laminin may be modified by other factors in vivo, such as
competing ligands that affect the affinity of the
trophoblast–laminin 10/11 interaction. For example, the
L14 lectin, which is known to be expressed by the trophec-
toderm of the implanting blastocyst (Poirier et al., 1992),
can alter the binding capacity of laminin for a7b1 (Gu et al.,
994). Extensive binding of the lectin to decidual laminin
ould thus restrict the interaction between trophoblast and
ecidual matrix, and may be one way in which trophoblast
nvasion is limited.
What Is the Function of Intercellular a7b1?
Intriguingly, a7 expression in cells of the trophectoderm
lineage is found both at basement membrane sites and at
intercellular sites. In addition, in TS cells, the localization
of a7 is only pericellular. There is no evidence in the
iterature for a7 participating in cell–cell interactions, yet
e find no evidence that any known form of laminin is
s of reproduction in any form reserved.
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173Integrin Alpha 7 Expression in Mouse Trophoblastexpressed in these areas. It may be that the receptor is
constitutively expressed pericellularly in the ectoplacental
cone in preparation for subsequent interactions with the
laminin 10/11-rich decidual matrix. Alternatively, there
may be other as yet unidentified laminin isoforms, similar
to g3-containing laminins, expressed in intercellular spaces
such as these.
The cell–cell localization of a7b1 in trophoblast giant
cells may also reflect the presence of other ligands, such as
members of the ADAM family of disintegrin and
metalloprotease-containing cell surface proteins. Previous
studies have shown that a5b1, a6b1 (which is closely
related structurally to a7b1), avb3, and a9b1 can all bind to
ADAM proteins and mediate cell–cell interactions (Cal et
al., 2000; Chen et al., 1999; Eto et al., 2000; Nath et al.,
1999, 2000). This possibility is currently under investiga-
tion.
Specific Matrix Environments for Polar and Mural
Trophectoderm Cells
One function of a7b1 in trophoblast cells may be to
mediate signals from laminin in the basement membrane of
the blastocyst that affect proliferation and differentiation.
We find that this basement membrane is heterogeneous in
composition, containing only laminin 1/3 in the regions of
the mural trophectoderm, but both laminin 1/3 and 10/11
in the region of the ICM and polar trophectoderm. This
provides evidence that the polar trophectoderm has a dif-
ferent extracellular matrix environment than that of the
mural trophectoderm. The potential importance of this
heterogeneity is shown by the differential responses of
trophoblast cells to laminins 1 and 10/11. Culture on
laminin 10/11 substrates promotes proliferation of TS cells,
whereas culture on laminin 1 substrates leads to a signifi-
cant decrease in proliferation in both cell lines. The anti-
proliferative effect of laminin 1 may be transmitted through
a7b1 signals because a7b1 is the major receptor for laminin
in these cells. In the blastocyst, the mural trophectoderm
ells, which are in contact only with laminin 1, are the first
o undergo giant cell differentiation, one of the first aspects
f which is termination of mitosis and the onset of DNA
ndoreduplication (Cross, 2000; MacAuley et al., 1998;
alazon et al., 1998). In contrast, the polar trophectoderm
ells, which are in contact with both laminin 1/3 and 10/11,
ontinue to proliferate as stem cells, and this continued
roliferation requires FGF-4 secreted by the ICM (Chai et
l., 1998). Previous studies have shown that integrin signal-
ng directly influences growth factor signaling (Assoian and
chwartz, 2001; McNamee et al., 1993; Tucker et al., 1990).
hus the different matrix contexts of the mural and polar
rophectoderm may influence FGF-4 signaling and thereby
egulate trophectoderm proliferation and, potentially, dif-
erentiation.
Another place where interactions with different laminin
soforms may be affecting proliferation and differentiation
s in the extraembryonic ectoderm. This epithelial tissue is
Copyright © 2001 by Academic Press. All righterived from the polar trophectoderm, will ultimately form
he labyrinth of the chorioallantoic placenta, and is the
issue from which the TS cell line is derived (Rossant et al.,
983; Tanaka et al., 1998). The cells of the extraembryonic
ectoderm interact with a basement membrane that con-
tains only laminin 1/3 and 10/11, through a6b1 and a7b1
integrins. Interestingly, when laminin a5 is eliminated
hrough homologous recombination, the null embryos ex-
ibit placental defects including a significantly smaller
abyrinth region (Miner et al., 1998). This is consistent with
he interpretation that there is decreased proliferation in
he extraembryonic ectoderm when it is in contact with a
asement membrane that contains only laminin 1.
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